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StructureThe interaction between hemagglutinin (HA) and receptors is a kernel in the study of evolution and host
adaptation of H1N1 inﬂuenza A viruses. The notion that the avian HA is associated with preferential
speciﬁcity for receptors with Siaα2,3Gal glycosidic linkage over those with Siaα2,6Gal linkage is not all
consistent with the available data on H1N1 viruses. By x-ray crystallography, the HA structure of an avian
H1N1 inﬂuenza A virus, as well as its complexes with the receptor analogs, was determined. The structures
revealed no preferential binding of avian receptor analogs over that of the human analog, suggesting that the
HA/receptor binding might not be as stringent as is commonly believed in determining the host receptor
preference for some subtypes of inﬂuenza viruses, such as the H1N1 viruses. The structure also showed
difference in glycosylation despite the preservation of related sequences, which may partly contribute to the
difference between structures of human and avian origin.© 2009 Elsevier Inc. All rights reserved.Introduction
Inﬂuenza virus caused seasonal epidemics and occasional pan-
demics in humans. Three subtypes of inﬂuenza viruses, namely H1N1,
H2N2 and H3N2, are able to transmit in humans (Parrish and
Kawaoka, 2005; Taubenberger et al., 2007; Webster et al., 1992).
Among these three subtypes, H1N1 virus has the longest recorded
history of human infection. It caused the 1918 great pandemic which
led to 20–50 million dead worldwide (Taubenberger et al., 2007) and
continued to circulate after the pandemic until 1957 when it was
replaced by the H2N2 virus (Kawaoka et al., 1989). H1N1 reappeared
and co-circulated with H3N2 from 1977 to the present day. Questions
about the origin of 1918 pandemic virus and the possibility of
adaptation to human by the current H5N1 and other subtypes, such as
H9N2 and H7N7, of avian inﬂuenza viruses which have caused human
infections in recent years can only be resolved by further under-
standing of the mechanism by which the cross species transmission
takes place. The long history of associationwith humans, as well as co-
circulation in the swine and avian hosts with H3N2 viruses, makes
H1N1 virus an ideal model for studying host adaptation and cross
species transmission of inﬂuenza virus (Taubenberger et al., 2007;
Webster et al., 1992).en University, Xiamen, China.
ll rights reserved.While H2N2 and H3N2 viruses, which caused the pandemics in
1957 and 1968 respectively, were generated by reassortments through
incorporating avian genes into human virus (Kawaoka et al., 1989), the
originof 1918pandemicvirus is still not clearand it is hypothesized that
itwas originated fromanH1 subtype virus of avian source bya yet to be
deﬁned mechanism (Reid et al., 1999; Reid and Taubenberger, 2003;
Reid et al., 2004). Host range restriction is believed to be determined
ﬁrstly by virus receptor preference/speciﬁcity of the hemmagglutinin
(HA) of inﬂuenza viruses (Skehel and Wiley, 2000). In recent years,
sporadic human infections by avian H5N1 virus have been recorded in
multiple countries. However genetic and in vitro binding analysis
indicated that the receptor speciﬁcity of H5N1virus is still of avian type
(Chen et al., 2006; Shinya et al., 2006; van Riel et al., 2006), which
suggests that the restriction by receptor speciﬁcity may not be as
stringent aspreviously recognized in someavianviruses. It is important
to understand the difference in HA structure concerning the receptor
binding between the HA of avian and human inﬂuenza viruses.
Three HA structures from the 1918 pandemic virus, the 1930 swine
virus, and the 1934 adapted human virus were determined (Gamblin
et al., 2004; Stevens et al., 2004), which represented the early
evolution of H1N1 viruses of the 1918 pandemic and thereafter. HA
structures from avian H3N2 and H5N1 viruses were also described for
their binding abilities to avian and human receptor analogs (Ha et al.,
2001; Ha et al., 2002). However, there is a lack of structural
information on the avian H1 HA for direct comparison with those
HA frommammalian adapted H1N1 andH3N2 viruses.We report here
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Table 1
Data processing and structure determination.
Data collection
Crystal Native LSTa LSTc 23SL
Space group I23 I23 I23 I23
Unit cell axis a (Å) 198.48 198.82 198.44 198.53
Resolution (Å) 50.0–3.0 50.0–3.0 50.0–3.10 50.0–3.0
Unique reﬂections 27390 27308 27329 23855
Completeness (%) 99.6 (96.0) 99.6 (99.5) 99.5 (96.5) 89.7 (85.0)
Redundancy 10.9 (10.8) 10.5 (7.1) 21.7 (17.7) 2.1 (2.0)
Mean I/σ 20.0 (7.9) 9.4 (6.3) 21.3 (8.0) 12.0 (2.2)
Rmerge (%) 18.3 (51.5) 25.3 (48.8) 19.9 (57.0) 11.3 (43.2)
Reﬁnement
Rworking (%) 21.5 (36.2) 21.8 (45.3) 21.9 (41.4) 20.2 (30.0)
Rfree (%) 26.0 (43.83) 25.9 (41.4) 26.0 (43.1) 24.7 (37.6)
Average B value (Å2) 55.77 56.84 62.87 52.68
Wilson B-value (Å2) 42.41 42.01 48.99 37.83
No. of atoms (protein) 3815 3816 3816 3816
No. of atoms (ligand) 46 32 46
No. of atoms (water) 278 211 194 288
Ramachandran statistics (%)
Most favored 77.2 75.8 77.9 79.5
Additional allowed 19.3 22.1 19.3 18.1
Generously allowed 2.6 1.2 1.9 1.2
Disallowed 0.9 0.9 0.9 1.2
RMSD from ideal geometry
RMSD bonds (Å) 0.00710 0.00683 0.00796 0.00655
RMSD angles (°) 1.357 1.309 1.338 1.303
The numbers in brackets are those of the highest resolution bin.
Rmerge is deﬁned as
P
hkl
PN
j=1
j Ihkl − Ihkl jð Þ j
P
hkl
NxIhkl
:
The crystallographic R factor is deﬁned as
P
hkl
j jFobs j − k jFcalc j j
P
hkl
j Fobs j
:
23SL stands for 2,3-sialyllactose.
75T. Lin et al. / Virology 392 (2009) 73–81the structure of an avian HA molecule and a comparison with the
mammalian HA structures of early H1N1 viruses. It shows that,
despite differences in their detailed structures, the avian HA can
recognize the avian and mammalian type receptor analogs in similar
fashion. It is also found that the glycosylation pattern is apparently
different between the avian and mammalian HA molecules despite
the preservation of glycosylation sequences.
Results
Sequence comparison between the avian and the mammalian viruses
Evolution of H1N1 viruses has been extensively investigated for
understanding the origin of 1918 pandemic virus (Dugan et al., 2008;
Nelson et al., 2008; Rambaut et al., 2008). In light that the aquatic
birds were recognized as the natural reservoir for all inﬂuenza A
viruses (Webster et al., 1992), an HA molecule (avHA05) was puriﬁed
from an H1N1 inﬂuenza virus, WDK/JX/12416/2005, for comparative
studies. Phylogenetic analysis of HA conﬁrmed its evolutionary
position in cluster with other avian H1N1 virus (data not shown)
and protein sequence alignment showed that there were little
sequence variations between this and other avian HA sequences
(yellow columns in Fig. 1) (Dugan et al., 2008; Taubenberger et al.,
2005). The conservation in the protein sequence can be demonstrated
for other avian HA sequences that are available in public bases (data
not shown), consistent with the conclusion from the genetic and
phylogenetic analysis that the avian inﬂuenza viruses are generally
not under immune pressure and their sequences are conserved
through the years (Gorman et al., 1992; Webster et al., 1992).
Three mammalian HA structures were characterized from proteins
isolated or derived from viruses of A/South Carolina/1/1918
(HA1918), A/swine/Iowa/15/1930 (swHA30), and A/Puerto Rico/8/
1934 (huHA34) (Gamblin et al., 2004; Stevens et al., 2004). The 1918
virus was the causative agent responsible for the 1918 inﬂuenza
pandemic, the swine virus of 1930 was the ﬁrst isolated and
characterized H1N1 virus, and the virus of 1934 was the prototypic
human H1N1 virus. These viruses are from the early evolution phase
in the mammalian systems since the 1918 pandemic. The sequence
alignment between avian and mammalian viruses indicates that the
fold of the avian HA should be conserved, including those residues
important for the receptor binding (Fig. 1).
From the phylogenetic analysis of a 1917 avian partial HA sequence,
it was suggested that the HA1918 might not be a direct decedent of an
avian HA (Fanning et al., 2002). Our sequence alignmentwith the 1917
avian HA shows that its protein sequence shares equal number of
changes between avHA05 and HA1918. All considered, an avian HA
structure should be useful for comparative studies with the mamma-
lian HA in general, and HA1918 in particular.
The crystal structure of avian H1 HA
The structure of the avian HA was solved by molecular replace-
ment using the atomic coordinates of huHA34 as the search model.
The reﬁnement statistics is summarized in Table 1. The asymmetric
unit contains one monomer of the HA1 (residues 18 to 327) and HA2
polypeptide chains (residues 501 to 660). The overall fold is conserved
(Fig. 2). The HA molecules are comprised by two polypeptides, HA1
and HA2. Similar to the other HA with 3D structures, the HA1 folds
into a receptor binding domain and an esterase domain, while HA2
folds into a membrane proximal domain with a central α helicalFig. 1. Sequence alignment of H1 HA. Three representative avian and threemammalian H1 HA
in red. Yellow indicates sequence variations in avian species; blue indicates changes among
The differences between avian and mammalian HA are in purple. The N-linked glycosylatio
appear glycosylated. The sequence surrounding Asn290 is the canonical NXS, not the sequen
distances between Cα atoms of HA1918 and huHA34 (black bars), as well as HA1918 and adomain. Despite the conservation of the overall fold, there are
structural differences between the avian H1 HA of avHA05 and the
mammalian viruses, which are not observed among H1 HA from
mammalian viruses. Using HA1918 as the reference, the distances
between corresponding Cα atoms of HA1918 and huHA34, as well as
HA1918 and avHA05, are calculated (Fig. 1). The differences in Cα
positions between mammalian viruses are insigniﬁcant (Fig. 1).
However, there are 4 major areas of noticeable difference along the
linear sequence between the avian and the mammalian structures
(Fig. 1), which are not observed between the mammalian structures.
In the 3D structure, the differences are mainly in the middle section of
the HA structure in the fusion and esterase domains (Fig. 2). The
structural differences do not correlate with the sequence variations
between the avian andmammalian H1 HA (green and purple columns
in Fig. 1). There seem to be factors other than sequence variations that
lead to the changes in structure.Glycosylation in avian HA molecule
There are 5 N-linked glycosylation sequences in the mammalian
H1 HA (Fig. 1), four of which (Asn15, Asn27, Asn91, and Asn290)
were attached with glycans in the previous HA1918 crystal structures
(Gamblin et al., 2004). These glycosylation sequences are also
present in the avian HA (Fig. 1). However, there is no detectable
glycan attached to Asn290 in the avian HA crystal structure in thesequences are selected. The conserved amino acid residues for the receptor binding are
mammalian sequences. Changes in both avian and mammalian sequences are in yellow.
n sequences are boxed and the asterisk indicates the residue Asn290 which does not
ce of NXSC which is less likely to be glycosylated. On top of the sequence alignment, the
vHA05 (white bars), are shown.
Fig. 2. The structure of avHA05. (A) In one monomer of the HA trimer, HA1 is colored red and HA2 is colored blue. The other two monomers are gray and light gray. The receptor
binding (RB), esterase (E), and fusion (F) domains are indicated. The box shows the receptor binding site. The three-fold axis relating the trimeric molecule is shown. (B)
Superposition of HA. The superposition of monomers of avHA05 and HA1918. The HA1 of avHA05 is in red; HA2 of avHA05 is in blue. HA1 of HA1918 is in yellow, and HA2 of HA1918 is
in green. The overall fold is conserve among H1 HA. (C) Structural difference between avHA05 and huHA18. Right. The ribbon diagram of HA monomer. The 4 sites with N-linked
glycosylation sequences in H1 HA are shown as spheres. All these sites are glycosylated in HA1918. However, there is no electron density in residue Asn290 (yellow sphere) in avHA05.
Left. Close-up view of the superimposed avHA05 and HA1918 structures. avHA05 is in red (HA1) and blue (HA2), while HA1918 is in yellow (HA1) and green (HA2). The Asn290 of
huHA18 and the attached glycan residue is shown.
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glycosylation would require mutational and mass spectrometry
studies, the lack of density for carbohydrate attached to Asn290
was supported by the fact that the B values (an indication of
mobility) for the sidechain nitrogen atoms are similar between
Asn290 and other Asn residues with attached carbohydrates. Were
there carbohydrates attached at Asn290, it should have been
detected, such as those in other residues with similar B values. The
apparent lack of glycosylation at this position correlates with the
aforementioned difference in structure (Fig. 2). It is possible that the
differences in the 3D structure between avian and mammalian
viruses can at least be partly attributed to the difference inglycosylation. Asn290 is in region III of structural difference (Fig.
1). Without glycan attached at this site, the polypeptide tracing
recesses. As a consequence, neighboring polypeptides adjust and
adopt structures different from the mammalian HA.
The difference in glycosylation might originate from the different
hosts used in the propagation of the viruses. While chicken embryos
were exploited to propagate WDK/JX/12416/2005 from which
avHA05 was puriﬁed, CV1 cells were used to propagate the
recombinant vaccinia virus from which mammalian HA were puriﬁed
(Gamblin et al., 2004). It is quite likely that avHA05 is in a native state
of glycosylation, because the virus (WDK/JX/12416/2005) used in
this study was always propagated in an avian host.
Fig. 3. Electron density of Asn sidechains. (A) The electron density for the sidechain of Asn290. (B) The sidechain of Asn27 with attached carbohydrate. The B value for the nitrogen
atom of Asn290 is 74.5, while that of Asn27 is 79.8. The fact that the sidechain atoms are with comparable B values indicates that the density for the carbohydrate would have been
detected, should it be attached to Asn290. For comparison, the B values for the sidechain nitrogen atoms of Asn290 and Asn27 are 60.0 and 70.3 respectively in HA1918. Asn290 does
not involve in other interactions, such as the crystal packing, which would inﬂuence the detection of carbohydrate.
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It is generally accepted that the receptor binding sites of HA are of
different conﬁgurations for the inﬂuenza viruses adapted for avian
and mammalian hosts. The viruses adapted to avian hosts preferen-
tially recognize glycan receptors with terminal sialic acids (Sia) linked
to penultimate galactose (Gal) residues in an α2,3 glycosidic bond,Fig. 4. Binding of receptor avian analog LSTa at the HA binding pocket. (A) Binding of sialic aci
sialic acid residue is illustrated. The stick model of the sialic acid in green is shown on the lef
red, and nitrogen atoms in blue. (B) Binding of LSTa. All three sugar residues detected by x-r
model. Sia-1 lies ﬂat in the receptor binding pocket; Gal-2 extends away from the receptor bi
of the avian receptor analog is shown in CPK model with the contour and ribbon diagram owhile human adapted viruses prefer receptors in Siaα2,6Gal linkage
(Weis et al., 1988, Gambaryan et al., 1997, Matrosovich et al., 1997).
The change of avian receptor preference to that of mammals required
only one amino acid change of Gln226 to Leu226 (Glaser et al., 2005)
and a second change of Gly228 to Ser228 would also greatly augment
virus binding to the human receptor in H2 and H3 subtypes (Reid et
al., 2003). In contrast, human H1 HA binds human receptors withd residue of LSTa (green), looking down the receptor binding pocket. For clarity, only the
t and the CPK model is shown on the right with carbon atoms in green, oxygen atoms in
ay crystallography are shown. Left, the interaction with Gln226 is illustrated in the stick
nding pocket tangentially and GlcNA is roughly parallel to the 3-fold axis. Right, binding
f HA.
Table 2
Distances between interacting groups of avHA05 and receptors analogs.
HA Functional groups Distance (Å)
LSTa/LSTc/23SL LSTa LSTc 23SL
Thr136 OG1 Sia O1A 3.39 3.59 3.23
Thr136 OG1 Sia O1B 2.70 3.06 2.70
Val135 O Sia O4 3.46 3.38 3.54
Val135 O Sia N5 3.18 3.07 3.13
Lys133 O Sia O10 3.11 3.35 2.79
Tyr95 OH Sia O9 3.25 2.84 2.90
Tyr95 OH Sia O8 2.95 3.29 2.78
His183 NE2 Sia O9 3.00 3.20 3.15
Glu190 OE2 Sia O9 2.80 2.71 2.87
Glu190 OE1 Sia O9 3.10 3.17 3.44
Ala137 N Sia O1A 2.89 2.76 2.67
Ala137 N Sia O1B 4.03 3.96 3.96
Gln226 NE2 Sia O1A 3.61 4.53 3.79
Gln226 OE1 Sia O1A 3.97 4.35 3.80
Gln226 NE2 Sia O1B 2.76 2.54 2.71
Gln226 OE1 Sia O1B 3.76 3.15 3.74
Gln226 NE2 Gal O3/O6 3.14 – 2.99
Gln226 NE2 Gal O4 2.71 4.06 2.62
Lys222 NZ Gal O3 – 3.25 –
Gly225 O Gal O4 – 3.92 –
78 T. Lin et al. / Virology 392 (2009) 73–81Gln226 and Gly228 (Rogers and D'Souza, 1989). To gain an insight
view on the avian H1 HA recognition of receptors, the structures of
avHA05 in complexwith receptor analogs to the Siaα2,3- and Siaα2,6-
linked glycans were determined.Fig. 5. Comparison of avian and human receptors bound in HA. (A) The superposition of sial
The residue from avian receptor is in green and that from the human receptor analog is in yell
pale green, while that for LSTc is inmagenta. The ball-and-stickmodel of LSTc is also illustrate
similar mode. The electron densities for the galactose residues are different due to the diffe
galactose residue of LSTc is indicated, onwhich the third residue, GlcNA, should be attached. T
(C) The binding of human receptor analogs LSTc. The position of the C1 atom in the galactose
residues were detected in LSTc while 3 are in LSTa. Sialic acid residues from both LSTa and LS
residues of aHA05 for additional interactions.Analogs to the avian receptors, LSTa and 3′-sialyllactose, were used
to form the complexes. LSTa is a pentasaccharide with a sequence of
NeuAcα(2→3)Galβ(1→3)GlcNAcβ(1→3)Galβ(1–4)Glc. NeuAc (N-
acetylneuraminic acid) is a common terminal sialic acid of glycans in
mammals. The sequence of 3′-sialyllactose is NeuAcα(2→3)Galβ(1–
4)Glc. In the complex structure with LSTa, the ﬁrst sialic acid residue
(Sia-1) lies ﬂat in the receptor binding pocket and constitutes the
major component to interact with avHA05. Several residues from the
HA contribute to the interaction by sidechains, which include Glu190,
His183, Trp153, Thr136, Tyr195, and Gln226. In addition, residues
Ala137, Val135 and Lys133 also participate in the interactions with
mainchain amide and carbonyl oxygen atoms (Fig. 4A and Table 2).
Residues Trp167, Tyr209, and Phe161 lie in the bottom of the receptor
binding pocket and probably create the hydrophobic environment for
the binding.
Linked with an angle to the sialic acid residue lying ﬂat in the
receptor binding pocket, the second galactose residue (Gal-2) of
LSTa extends tangentially from the receptor binding pocket (Figs.
4B and C). The sidechain of Gln226, besides interactions with Sia-1,
forms hydrogen bonds with the 4-hydroxyl of Gal-2, which seems
to be the only interaction besides those between HA and the sialic
acid residue. The density for the third residue is deﬁned but the
residue makes no interaction with HA, which extends roughly
parallel to the three-fold axis of HA (Fig. 4B). There is no density
for the fourth and ﬁfth residues. The complex structure with 3′-
sialyllactose is also determined for comparative studies since the
second bond in 3′-sialyllactose is Galβ(1–4)Glc, which is the sameic acid residues from avian and human receptor analogs in the receptor binding pocket.
ow. (B) The superposition of difference electron density. The density for LSTa is drawn in
d. It shows that the sialic acids of both LSTa and LSTc are bound at the binding pocket in a
rent glycosidic linkages with α2,3 and α2,6 bonds. The position of the C1 atom in the
he differencemapwas calculated with the Fourier coefﬁcient (|Fcomplex|− |Fapo|)eiα(apo).
residue of LSTc is shown. (D) Binding of LSTc (yellow) and LSTa (green). Two glycosidic
Tc bind in a similar mode to HA. The Siaα2,6Gal bond of LSTc places Gal-2 closer to the
79T. Lin et al. / Virology 392 (2009) 73–81in the counterpart of LSTc, the human receptor analog. The HA
interactions with 3′-sialyllactose are similar to that with LSTa and
there is also no detectable interaction for the third residue (results
not shown).
Analogs to the human receptor, LSTc
NeuAcα(2→6)Galβ(1→4)GlcNAcβ(1→3)Galβ(1–4)Glc, was
used to form the complexes for the structure determination. The
residues in HA adopted similar conformation in binding either LSTc or
LSTa (Fig. 5A). The sialic acid residue of LSTc also adopts similar
binding position to that of LSTa, the avian receptor analog (Fig. 5A and
Table 2).
The electron density for the second residues does not overlap
between that for the Siaα2,3Gal and Siaα2,6Gal receptor analogs
based on the difference electron maps (Fig. 5B), consistent with the
different conﬁgurations of the glycosidic linkages. Placement of Gal-2
in the difference electron density extends the glycan chain away from
the receptor binding pocket in an angle that is about 20° different
from the counterpart in LSTa (Figs. 5B–C). The linkage in Siaα2,6Gal
results in the closer position of Gal-2 to amino acid residues of HA for
interaction. The sharper angle of the Siaα2,6Gal bond enables the
galactose residue to bewithin interacting distancewith the sidechains
of Gln226 and Lys222, as well as the carbonyl oxygen of Gly225 (Fig.
5D). The density for the third and other residues is not deﬁned. Based
on the position of the C1 atom of Gal-2, the glycan chain should extend
in similar direction as that of LSTa (Figs. 5B–C).
Comparison of the receptor binding with human H1 HA
The important residues for receptor binding in mammalian HA are
basically the same, except that it is Glu190 in huHA34 but Asp190 in
swHA30 and HA1918. The avHA05 is compared with the mammalian
HA, which shows that huHA34 and avHA05 are the closest, especially
that it is Glu190 in both structures (Fig. 6). Since the difference
between swHA30/HA1918 and huHA34was described (Gamblin et al.,
2004), the following discussion will be focused on the comparison
between huHA34 and avHA05.Fig. 6. Comparison of the receptor binding sites of avian and mammalian HA. avHA05 is
drawn in red, HA1918 is in blue, huHA34 is in yellow, and swHA30 is in black. The
binding residues are similar in type and conformation, except residues 190 which are
Asp for HA1918 and swHA30 yet Glu for avHA34 and huHA34, as well as residue 225
which is Gly in avHA05 but Asp for the mammalian HA. Gly225 allows the peptide to
adopt a more smooth conformation.Sia-1 of the receptor analogs, be it LSTa, 3′-sialyllactose or LSTc,
was bound in the similar fashion between huHA34 and avHA05. For
the binding of the second galactose residue of LSTa, several
interactions were identiﬁed in the huHA34 complex. The sidechain
carbonyl of Gln226 forms an H bond with the 4-hydroxyl of Gal-2 in a
distance of 3.5 Å and therewerewater-mediated interactions between
the 4-hydroxyl of Gal-2, themainchain carbonyl oxygen of residue 225
and the sidechain of Lys222 (Gamblin et al., 2004). In comparison, the
only interaction in avHA05 was that between the Gln226 and 4-
hydroxyl of Gal-2, albeit in a shorter distance (Table 2).
In the huHA34/LSTc complex structure, the electron density map
revealed well-ordered features for the ﬁrst three residues for the
sialopentasaccharide. Gal-2 forms ﬁve H bonds that were not
previously observed in other HA/receptor complexes. Four bonds
are possible between the 2- and 3-hydroxyl of Gal-2 and the
sidechains of Lys222 and Asp225, and a ﬁfth between the 4-hydroxyl
of Gal-2 and the mainchain amide of 227 that is mediated by a water
molecule (Gamblin et al., 2004). In avHA05/LSTc complex, the 4-
hydoxyl of Gal-2 interacts with the sidechain of Lys222 and 5-
hydroxyl of Gal-2 is within interacting distances with the sidechain of
Gln226 and the mainchain carbonyl oxygen of Gly225. Since there is
no sidechain in Gly225, such as that Asp225 of huHA34, there is no
sidechain interaction from this position in avHA05.
Comparison with avian HA of other subtypes
The complex structures with the receptor analogs were deter-
mined for H3 and H5 HA (Ha et al., 2001; Ha et al., 2003). In the
complex structures with H5 HA, LSTa bound in trans conformation,
made by the glycosidic oxygen and 4-dydroxyl of Gal-2, while LSTc
bound in cis conformation (Ha et al., 2001). In the complex structures
of H3 HA, α2,3-linked Sia-1 is bound deeper in the HA binding site
with a slight rotation to that of α2,6-linked analog. In addition, α2,3-
linked compound was generally in shorter hydrogen bonds with the
HA (Ha et al., 2003). The major difference between avian H1 HA with
avian HA of other subtypes is that there are only minor differences in
binding the sialic acids between both types of receptor analog by
avHA05.
Discussion
There is a great interest in understanding the origin, spread,
virulence, and host adaptation concerning the H1N1 1918 pandemic
virus. A structural characterization of a progenitor to the pandemic
viruswould be of great signiﬁcance. However, it may not be a simple, if
not impossible, task to identify the immediate precursor of the 1918
virus. It is a distinct possibility that the 1918 virus has an ancestral link
to the avian species (Reid et al., 2003; Reid et al., 2004; Taubenberger
and Morens, 2006), despite that it might not acquire HA gene directly
from birds (Fanning et al., 2002). The feasibility of structural
characterization of avian H1 HA provides an accessible model for
investigating the evolution and host adaptation of H1N1 viruses.
A representative avian H1 HA crystal structure isolated from the
wild duck is determined and analyzed. Besides the pattern of
glycosylation, the avian HA structure is similar to that of the
mammalian molecules. The mode of binding the human and avian
receptor analogs is not consistent with the view that the avian HA
favors the receptors with the Siaα2,3Gal bonds over those with the
Siaα2,6Gal bonds. The Sia-1 residues are bound equally well in
avHA05 for both receptor analogs and the sharper angle imposed by
the Siaα2,6Gal bond allows the closer position of the Gal-2 to the
interacting groups in HA, which would only favor better interaction. It
seems that the avian H1 HA is not associated with strong preference
over the type of host receptors.
The lack of structural preference of H1 HA over different host
receptors does not correlate well with the host speciﬁcity of avian
80 T. Lin et al. / Virology 392 (2009) 73–81H1 viruses, if the HA binding of receptors with terminal sialic acid
residue plays a key role in determining host preference. It raises
the question as whether the Siaα2,3Gal and Siaα2,6Gal glycosidic
linkage per se is the discriminating factor in virus recognition of
receptor types in avian H1 viruses. Based on the avian and human
H1 HA structures, if the mode of Siaα2,3Gal or Siaα2,6Gal binding is
the key factor in virus recognition of receptor type, the barrier for
the cross species transmission of an avian virus to the mammalian
host would be very low, which is not consistent with other reports
which highlight the importance of viral and host functions
associated with host range restriction (Naffakh et al., 2008;
Scholtissek et al., 1985; Subbarao et al., 1993).Materials and methods
Cloning and sequencing
H1N1 virus, WDK/JX/12416/2005, was cloned by serial dilution
and grown in the allantoic cavities of 10-day-old embryonated chicken
eggs at 35 °C for 72 h. Viral RNA (vRNA) was extracted using a QIAamp
Viral RNA Mini Kit according to the manufacturer's instructions. The
viral RNA was extracted from 140 μl of allantoic ﬂuid. The cDNA was
reverse-transcribed from viral RNA using the Uni12 primer (5′-AGC
AAA AGC AGG-3′) (Hoffmann et al., 2001) and Superscript III reverse
transcriptase at 42 °C for 1 h, followed by heat-inactivation at 95 °C for
5 min. The viral cDNA sequence was determined by cycle sequencing
of ampliﬁed PCR products using ABI PRISM 3700 DNA Analyzer
(Applied Biosystems, Foster City, CA, USA).Phylogenetic analysis
Viral sequences were assembled and edited with Lasergene 6.0
(DNASTAR, Madison, WI, USA). BioEdit version 7.0 was used for
alignment and residue analysis (Hall, 1999). Neighbor-joining trees
were constructed in MEGA 3.1 using the Jones–Taylor–Thornton
amino acid replacement model with 1000 bootstrap replicates
(Kumar et al., 2004).Puriﬁcation of HA
A protocol for puriﬁcation of HA was adopted (Ha et al., 2002).
Brieﬂy, six hundred embryonated hens' eggs were inoculated with the
H1N1 inﬂuenza A virus (WDK/JX/12416/2005). The allantoic ﬂuid
was harvested after 72 h of incubation at 35 °C. After centrifugation at
5000 rpm for 15 min in JLA16.250 rotor (Beckman-Coulter), the virus
was pelleted at 40,000 rpm for 1 h at 4 °C in a 45Ti rotor (Beckman-
Coulter). The resuspended pellet was loaded onto a 20–60% (w/v)
sucrose gradient and centrifuged for 16 h at 4 °C at 23,000 rpm in a
Beckman-Coulter rotor (SW32Ti). The band containing the virus was
collected and pelleted at 40,000 rpm for 1 h in a 45Ti rotor, then
suspended in 10 mM Tris–Cl pH 8.0, 150 mM NaCl, and 25 mM β-
mercaptoethanol.
The HA was released from the virion by bromelain at a ratio of
10:1 by weight (virus:bromelain) at 37 °C for 2.5 h. The reaction was
terminated with a cocktail of protease inhibitors (Roche). The
smooth virion was removed at 40,000 rpm for 1 h in a 70.1Ti rotor
(Beckman-Coulter). The HA was puriﬁed by centrifugation in a 5–
20% sucrose gradient in 10 mM Tris–Cl, pH 7.4, 10 mM NaCl at
35,000 rpm for 16 h at 10 °C in a SW41 rotor (Beckman-Coulter).
The fractions containing HA were collected and HA was further
puriﬁed by absorption onto a Q15 Sartorius anion exchange
membrane, and then eluted with 10 mM Tris–HCl, pH 7.4, and
200 mM NaCl.Crystallization
The HA was dialyzed against 10 mM HEPES, pH 7.0 and
concentrated to 5 mg/ml. The crystals were produced by hanging
drop vapor diffusion. The reservoir solution was 100 mM HEPES, pH
6.8, 40% PEG400, 120 mM KSCN.
Structure determination
The diffraction data were collected at the BioCARS 14BM-C station
at the Advanced Photon Sources (APS) under cryogenic conditions by
directly ﬂash freezing the crystals under the gaseous nitrogen at 100 K.
The wavelength is 1 Å, the crystal to detector distance is 500 mm, the
exposure time is 45 seconds, and the oscillation angle is 1°. The data
were processed by HKL package (Minor et al., 1993). The crystal was in
I23 space group. The Rmerge were high (Table 1), which was probably
due to weak diffracting power of the crystals. To conﬁrm the space
group, the data were also processed in lower symmetries, which
yielded similar Rmerge, suggesting that I23 was indeed the right space
group. The molecular replacement solution was obtained by Phaser
(McCoy et al., 2005; Read, 2001; Storoni et al., 2004; McCoy et al.,
2005) and the atomic model was made by Coot (Emsley and Cowtan,
2004). The structure was reﬁned by CNS (Brunger et al., 1998) and the
graphical interpretations were made by Bobscript (Esnouf, 1997) and
Raster3D (Merritt and Bacon, 1997).
HA in complex with avian receptor analogs, LSTa and 2,3-
sialyllactose, as well as human receptor analog, LSTc, was made by
adding the compounds to the mother liquor containing the crystals to
about 10 mM and soaked for over 24 h. The data collections and
structure determination were carried out similarly to that for the
native crystals. The coordinates were deposited to Protein Data Bank.
The accession numbers are 3HTO for the unbound HA, 3HTP for the
LSTa-bound HA, 3HTQ for the LSTc-bound HA, and 3HTT for the 2,3-
sialyllactose-bound HA.
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